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A wind tunnel conditions the air flow for testing equipment, such as heat exchangers, over a wide range of conditions. 
In this paper, a procedure to develop the operating envelope for the tested equipment in a wind tunnel is presented. 
The temperature and humidity of the air that requires conditioning is controlled and maintained by the combination 
of cooling coil (or evaporator), heating elements, and a steam injection system. Therefore, the capacity of the 
components to be tested inside the wind tunnel is limited by the combined capacity of the cooling coil, heaters, and 
the steam injection system. For cooling coils or evaporators, an analysis is performed for different sensible heat ratios 
(SHR), inlet temperatures, and humidity. A similar analysis is performed for sensible heating coils or condensers 
where the SHR is 1. 
 
For a cooling coil or evaporator of a capacity of more than 3 tons, the condition of air inside the wind tunnel can be 
controlled by heating elements and steam injection system. Low capacity cooling and sensible heating equipment 
may require operation of the cooling coil, heating elements, and steam injection depending on the required 
temperature and humidity in the tunnel. The psychrometric and thermodynamic analysis for determining the operating 
envelope is performed for both heating and cooling equipment using ACHP (Bell , 2010). Heat transfer between the 
wind tunnel and its surroundings is calculated using a simplified heat transfer model adopted from literature 




A wind tunnel provides conditioned air at a specific temperature, humidity, and flow rate to allow for testing of heat 
exchangers over a wide range of operating conditions. The conditions are accurately controlled and monitored to 
conduct various experiments. The conditioned space inside the tunnel simulates the range of inlet conditions that the 
heat exchanger will be exposed to during its service life. Wind tunnels can also be used to test heat exchangers under 
fouled conditions using a dust injection system. The wind tunnel needs to be flexible in terms of its design and size to 
accommodate these additional systems as well as the necessary instrumentation. 
 
For the purpose of testing and research, there is a plan to construct a wind tunnel in the thermal systems laboratory of 
the Advanced Technology Research Center (ATRC) at Oklahoma State University (OSU). Two large psychrometric 
rooms, an indoor room, and the outdoor room, for full-scale testing of HVAC&R systems up to 70 kW (20 tons) are 
already available at the ATRC. The outdoor room is designed for an air temperature of -40°C to 54.5°C while the 
temperature of the indoor room covers 13°C to 38°C (Cremaschi & Lee, 2008). The development of wind tunnel in 
the thermal systems laboratory of ATRC will provide the simulated space for heat exchanger testing and will be an 
extension to our existing facility. The wind tunnel will simulate the range of operating conditions shown in Table 1. 
The temperature range selected for the wind tunnel is based on what is used for testing, research, and development of 
heat pump and refrigeration components as mentioned by e.g. Hwang et al. (2004), Park & Hrnjak (2007), Sherif et 
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Table 1: Design specification of wind tunnel facility used for this paper 
 
Parameter Value 
Temperature -40°C to 60°C 
Relative humidity 20-90% 
Maximum cooling capacity of the tested equipment 35 kW (10 tons @ -40°C) 
Maximum air flow rate 425 m3/min (15,000 CFM) 
Dimensions 14.6 m × 2.3 m × 4.9 m high 
 
1.1 Wind Tunnel Description 
In order to control air conditions inside the wind tunnel, a conditioning bay is required. Figure 1 shows the schematic 
of the wind tunnel. The conditioning bay consists of either a cooling coil or an evaporator, heating elements, and a 
steam injection system. Two different conditioning bay configurations are shown in Figure 2. Figure 2a shows a direct 
expansion system with the evaporator inside the bay while Figure 2b shows a secondary loop system with a cooling 
coil inside the wind tunnel and evaporator outside the tunnel. The capacity of the heat exchanger to be tested in the 
wind tunnel is limited by the capacity of the cooling coil (evaporator), heating elements and the humidifier, as well as 
by heat transfer through the tunnel walls. Fan power consumption is not considered in the calculation because the 
power consumption of the fan is lower than for other components within the conditioning bay. The capacities of 
different components in the conditioning bay is given in Table 2. 
 
Table 2: Conditioning bay components and their capacities 
 
Component Capacity 
Evaporator (or cooling coil) @ air outlet 35 kW (10 tons) @ -40°C 
Heating element 80 kW 
Steam injection system 40 kg/hr of saturated steam @ 620 kPa 
 
 
Figure 1: Wind tunnel schematic with conditioning bay (side-view, not to scale) 
 
Qsurr 
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Figure 2: Conditioning bay (a) a direct expansion evaporator and a condensing unit (b) a secondary loop system 
with cooling coil and chiller 
 
2. CONDITIONING BAY CHILLER MODEL 
 
The main components for the chiller in the conditioning bay are: evaporator, compressor, condenser and expansion 
valve. Evaporator and condenser are the heat exchangers designed to transfer heat between the refrigerant and the air 
(or water/glycol).  The air conditioning and heat pump (ACHP) model developed by Bell (2010) is used to model the 
cooling equipment in the bay together with the condensing unit and chiller. 
 
2.1 ACHP Model Description for Direct Expansion System (DX) 
The required inputs to the steady state direct expansion system model in ACHP are: 
 Condenser and evaporator geometry, and their fan’s power consumption (e.g. fin pitch, width, and 
conductivity, tube pitch, …). 
 Compressor map coefficients (AHRI 540). 
 Superheat at the evaporator outlet.  
 Either subcooling at the condenser outlet or (alternatively) refrigerant charge. 
 Volumetric flow rate of air. 
 Air inlet conditions to condenser and evaporator (temperature & relative humidity). 
 
ACHP models the expansion valve as an isenthalpic device. The independent variables in the cycle are saturation 
temperature at evaporator and condenser (𝑇𝑒𝑣𝑎𝑝, 𝑇𝑐𝑜𝑛𝑑). In order to obtain a good estimate for temperatures, 𝑇𝑒𝑣𝑎𝑝, 
and 𝑇𝑐𝑜𝑛𝑑, a simple cycle model is used as a preconditioner in ACHP, before solving the detailed system model. 
 
2.1.1 Components model: Both evaporator and condenser are modeled as fin and tube heat exchangers. The wavy 
lanced type fins are used in the analysis. The evaporator and condenser geometrical parameters are obtained by scaling 
down the evaporator and condenser surface area of a 52.75 kW (15 tons) rooftop unit linearly. Table 3 lists the 
parameters used for the reference as well as for the chosen geometry. 
 
A 10 coefficient compressor map (AHRI 540 standard) is used to obtain the nominal power and flowrate values. The 
saturated suction dewpoint temperature 𝑇𝑒𝑣𝑎𝑝 and saturated discharge dewpoint temperature, 𝑇𝑐𝑜𝑛𝑑  are the inputs to 
the map. The equation coefficients for the compressor map are taken from the Bitzer (2015). ACHP uses the 
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Table 3: Geometrical parameters for air to refrigerant heat exchangers 
 
Tube 
Parameter Value (35 kW nominal 
capacity, this paper) 
Value (52.75 kW nominal capacity, 
rooftop unit) 
No. of tubes / bank 50 (50) 
No. of banks 2 (2) 
Tube Length 2 m 3 m 
Tube outer diameter .011 m 
Tube inner diameter .01 m 
Longitudinal pitch .02 m 
Transverse pitch .0254 m 
No. of tube circuits 20 
Fins 
Fin type Wavy lanced 
Fin per inch 17 
Fin amplitude .005 m 
Fin thickness .0001 m 
 
The required operating envelope of the compressor for direct expansion wind tunnel conditioning system at different 
evaporation temperatures is shown in Figure 3. Air temperature as low as -40°C is desired inside the wind tunnel 
which requires a saturated suction temperature as low as -50 to -55°C. However, commercially available compressors 
do not operate at this low suction temperature if a condensing temperature of 60°C is required. Most likely, a cascade 
system with custom designed low-temperature stage compressor will be necessary to cover the entire envelope. 
 
Note that for the system having a capacity of 35 kW 
(10 tons) at -55°C, its capacity increases significantly 
with the increase in evaporator dew point temperature 
which results in higher compressor power consumption. 
Figure 4 shows an increase in evaporator capacity and 
compressor power with an increase in the evaporation 
temperature for system with a capacity of 35 kW 
(10 tons) at -38°C evaporation temperature and 38°C 
condensation temperature. The evaporator capacity and 
power are extrapolated from -38°C for the given 
compressor map using 2nd degree polynomial curve fit to 
the manufacturer data. 
 
 
Figure 4: Evaporator capacity and compressor power for a design point 35 kW cooling capacity at -38 °C 
evaporation temperature 
 
This excess capacity leads to problems with the available infrastructure due to limited cooling water and electricity 
supply. To overcome this issue, a system with multiple compressors in parallel, where switching between compressors 
is possible for different capacity and temperature ranges, can be used or alternatively systems with different capacities 

























Figure 3: Compressor operating envelope 
Compressor Model: 3DSDR17ME-TFD 
2235, Page 5 
16th International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016 
 
3. TESTING IN WIND TUNNEL 
 
Different types of heat exchangers can be tested inside wind tunnel like a cooling coil, heating coil, etc. It is important 
to note that maximum capacity of the heat exchanger to be tested inside the wind tunnel is limited by the capacity of 
the conditioning bay i.e. by combined capacity and interaction of the cooling coil, heating elements, and the steam 
humidifier. The conditioned air from the conditioning bay passes through the test section and then passes through flow 
measurement apparatus (nozzle box) and after that it is brought back again in the conditioning bay to condition it to a 
temperature and humidity as required at the inlet of the test section. However, air at lower or higher temperature as 
compared to its surrounding will exchange heat with it through wind tunnel walls. 
 
For heat transfer analysis, the geometry of the wind tunnel is simplified to be a rectangular box as shown in Figure 5. 
Side walls are represented by surfaces 1 and 2, front and back wall by surfaces 3 and 4 while surface 5 represents the 
ceiling of the tunnel. Heat transfer analysis for each surface is made using the control volume approach. Simple 
thermodynamic and heat transfer laws mentioned by Holman (1997) are used to analyze the model. Since the wind 
tunnel will be placed in the conditioned space in the ATRC basement, the temperature in the surroundings remains 
almost constant i.e. approximately 25 °C. The heat transfer with the surroundings is calculated by calculating the heat 
transfer from each panel of the tunnel. The heat transfer ?̇? between wind tunnel and surroundings is calculated as 
 
 ?̇? = ∑ ?̇?𝑖
5
𝑖=1  , (1) 
 
For each surface, the heat transfer is calculated as 
 
 ?̇?𝑖 = 𝑈𝑖 ∙ 𝐴ℎ,𝑖 ∙ ∆𝑇𝑖𝑛𝑡−𝑠𝑢𝑟𝑟  for 𝑖 = 1,5 , (2) 
 
where the overall heat transfer coefficient 𝑈𝑖 is calculated as 
  











where ℎ̅𝑖𝑛𝑡 and ℎ̅𝑒𝑥𝑡  are the average convective heat transfer coefficients of the air on inside and outside surface of the 
wind tunnel wall i, 𝐾𝑐 is the thermal conductivity of the panels forming the walls and is calculated experimentally 
(Astling & Weber, 2005) while 𝑡𝑝𝑎𝑛𝑛𝑒𝑙 is the panel thickness. The sheet metal enclosing the insulating foam has much 
higher thermal conductivity at very thin wall thickness and is therefore not considered in equation 3. 
  
The Nusselt number is computed using fundamental heat transfer correlations mentioned in the literature (Incorpera 
& DeWitt, 1985). The different geometrical parameters of the wind tunnel used in the calculation of heat transfer 
coefficient are listed in Table 4.  
 




Figure 5: Simplified wind tunnel geometry 
(Rectangular box) 
 
Parameters Orientation Value 
Surface area, 𝑨𝟏,𝑨𝟐 Vertical 54.3 𝑚
2  
Surface area, 𝑨𝟑,𝑨𝟒 Vertical 9.3 𝑚
2  
Surface area, 𝑨𝟓 Horizontal 27.5 𝑚
2  
Characteristic length, 𝑳𝟏, 𝑳𝟐 = 𝒉𝟏 Vertical 4.3 𝑚 
Characteristic length, 𝑳𝟑, 𝑳𝟒 = 𝒉𝟐 Vertical 4.3 𝑚 
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For the maximum air flow rate inside the wind tunnel i.e. 
15,000 CFM (7.08 m3/s), the heat transfer with the 
surroundings is shown in Figure 6. 
 
The overall procedure to test the capacity limit of heating or 
cooling coil test section in the wind tunnel is shown in the 
flowchart, Figure 7. 
 
 
       Figure 7: Flowchart for testing the capacity limit 
 
3.1 Evaporator (or Cooling Coil) Testing in Wind Tunnel 
The maximum capacity of an evaporator or cooling coil tested inside the wind tunnel is determined in this section as 
a function of its air inlet temperature (Tair), inlet relative humidity (RH), and sensible heat ratio (SHR). The numbers 
in Figure 1 represent air conditions at different locations. At 1, the air leaves the bay and enters the test section. Here, 






 . (4) 
 
The total cooling capacity, ?̇?𝑒𝑣𝑎𝑝 is defined as 
 
 ?̇?𝑒𝑣𝑎𝑝 = ?̇?𝑠𝑒𝑛𝑠 + ?̇?𝑙𝑎𝑡  . (5) 
 








-55 -35 -15 5 25 45













       Predicted wall heat transfer 
Figure 6: Heat transfer as a function of temperature 
inside the wind tunnel 
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 , (6) 
 
where 𝑇𝑤 ≈ (𝑇𝑢𝑛𝑖𝑡,𝑖𝑛 + 𝑇𝑢𝑛𝑖𝑡,𝑜𝑢𝑡)/2 i.e. average of the air temperature entering and leaving the test section. 
Temperature of the air leaving the test section is calculated as 
 
 𝑇2 = 𝑇1 +
?̇?𝑠𝑒𝑛𝑠
?̇?𝑎𝑖𝑟 . 𝑐𝑝𝑎𝑖𝑟   
. (7) 
 
Since the temperature and humidity of air at point 2 are lower as compared to point 1 (see location in Figure 1), there 
is no need to use the cooling equipment in the bay as long as sufficient capacity is available to overcome the heat gains 
from walls, fans, and the sensible component of the steam injection. Sensible heating by the heating elements and 
steam injection by a humidifier may be required to maintain air temperature and specific humidity at the required 
operating conditions. The sensible heating, ?̇?𝐻𝐸 provided by heating elements is calculated as 
 
 ?̇?𝐻𝐸 = ?̇?𝑎𝑖𝑟 ∙ 𝑐𝑝𝑎𝑖𝑟 ∙ (𝑇3 − 𝑇1) + ?̇?𝑠𝑢𝑟𝑟 . (8) 
 
The amount of steam, ?̇?𝑤,3 required is calculated as 
 
 ?̇?𝑤,3 = ?̇?𝑎𝑖𝑟 ∙ (𝜔3 − 𝜔1), (9) 
 
where 𝜔1 and 𝜔3 are the specific humidity values before and after the steam humidifier. The temperature of the air 
after the steam injection, 𝑇1, is calculated as 
 
 𝑇1 =
?̇?𝑐𝑝,𝐻𝐸 ∙ 𝑐𝑝𝑎𝑖𝑟 ∙ 𝑇𝐻𝐸 + ?̇?𝑤,3 ∙ ℎ𝑓𝑔(𝑇𝑠𝑡)
?̇?𝑎𝑖𝑟 ∙ 𝑐𝑝𝑎𝑖𝑟
 . (10) 
 
Figure 8 shows the sensible and latent heat addition by heating elements and steam humidifiers respectively for 35 kW 
(10 tons) capacity cooling test section. 
 
 
Figure 8: Heat addition by heaters and humidifier for air with an RH of 60% 
 
Figure 9a shows a typical wind tunnel process for testing a cooling coil within the psychrometric chart. In Figure 8, It 
can be seen that for 0°C temperature line, there is a cut off at SHR=0.6. The reason is that for SHR less than 0.6, the 
specific humidity of air reduces to negative after passing through the cooling equipment which is not possible. The 
psychrometric chart in Figure 9b explains this cut off. Similarly, the cut off of temperature lines at SHR=0.8 can be 
explained by the psychrometric chart in Figure 10. It can be seen that for SHR greater than 0.8, the relative humidity 
of air leaving the cooling coil test section becomes greater than 100% which, while possible, is not desirable for 
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                        (a) Cooling coil with a SHR of 0.5                                       (b) Impossible process with SHR=0.5 
Figure 9: Wind-tunnel process in psychrometric chart 
 
  
Figure 10:  Undesirable cooling process with SHR=0.9 at different inlet conditions (1 and 1') in wind tunnel                                     
                                                                                              
For the cooling coil test section, the maximum capacity 
is limited by capacity of heating elements and humidifier 
because cooling in the conditioning bay is not needed to 
maintain the conditions. For a cooling coil of capacity 
35 kW (10 tons), the bay capacity limit is reached for 
some points as shown in the Table 5. Since the electrical 
heaters have excess capacity, the chosen humidifier 
capacity becomes the actual limitation. Note that this 
happens only at very low SHR values. 
 
3.2 Condenser (or Heating Coil) Testing in 
Wind Tunnel 
In the case of a heating coil as a test section inside the 
wind tunnel, the analysis remains the same as in the case 
of cooling coil test section. However, for a condenser or 
a heating coil, the SHR of the test section is always 1 
because there is no condensation or evaporation from a 
dry heating coil. The heat gained by the air as it passes 
through the condenser (or heating) coil, ?̇?𝑐𝑜𝑛𝑑 , is given 
as 
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0.9 50 N/A 
0.3 50 N/A 





0.9 50 N/A 
0.3 50 N/A 





0.9 60 N/A 
0.3 60 N/A 





0.9 60 N/A 
0.3 60 N/A 
0.2 60 Humidifier 
1-2  T // RH unit, in = 40°C // 60% 
1'-2' T // RH unit, in = 20°C //60% 




Table 5: Capacity check for cooling coil test section, 
                                                                                                       
35 kW total cooling capacity 
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As the condenser coil increases the temperature of air, cooling equipment is required to maintain air temperature at 
the test section inlet. The cooling equipment modeling is described in section 2. As air passes through the cooling coil 
in the conditioning bay, depending upon the SHR of the cooling coil, temperature and humidity of air can both 
decrease. Therefore operation of the heating element 
and humidifier may be required depending upon the 
SHR. The psychrometric chart in    Figure 11 illustrate 
this process.  
 
Since condenser coil requires the operation of all three 
components of the bay, therefore bay total 
capacity ?̇?𝑡𝑜𝑡𝑎𝑙, is given as: 
 
?̇?𝑡𝑜𝑡𝑎𝑙 = ?̇?𝐻𝐸 + ?̇?𝐶𝐶 + ?̇?ℎ𝑢𝑚𝑖𝑑 , (12) 
 
where ?̇?𝐻𝐸 = ?̇?𝑎𝑖𝑟 ∙ 𝑐𝑝𝑎𝑖𝑟 ∙ (𝑇3′ − 𝑇1) + ?̇?𝑠𝑢𝑟𝑟 , where 
𝑇3 is the air temperature after the cooling coil 
and ?̇?ℎ𝑢𝑚𝑖𝑑 = ?̇?𝑤 ∙ ℎ𝑓𝑔 ∙ (𝑇𝑠𝑡). The ?̇?𝑐𝑐  for 35 kW 
(10 tons) heating coil (test section) is shown in Figure 
12. It can be seen that cooling coil capacity increases 
with both the increase in temperature and relative 
humidity. 
 
In case of condenser or heating coil test section, the 
maximum capacity is limited by the capacity of cooling 
equipment, heating elements and the humidifier. The 
capacity is reached for most of the points in case of 
52.7 kW (15 tons) heating test section. Therefore, 
heating coil of 35 kW (10 tons) capacity can be tested 
inside the wind tunnel. Figure 13 shows few points of 
the operating envelope. 
   
 




A procedure to develop the operating envelope for tested components inside the wind tunnel is explained. Cooling 
coil or evaporator with a capacity of 10 tons or lower can be tested for both low and high temperatures by the wind 
tunnel. However, steam humidification limits the minimum possible SHR. Heating coil or condenser of capacity 
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   Figure 11: Psychrometric chart analysis of a condenser 
(or heating) coil test section 
 
1-2 Test section 






2235, Page 10 
16th International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016 
NOMENCLATURE 
  
 𝐴 Surface area m2 
𝐴𝑇𝑅𝐶 Advanced Technology Research Center – 
𝑐 Specific heat kJ/(kg∙K) 
ℎ𝑓𝑔 Enthalpy of vaporization kJ/kg 
𝐻𝐸 Heating element – 
𝐾𝑐  Thermal conductivity W/(m∙K) 
?̇? Mass flow rate kg/s 
𝑃 Perimeter m 
𝑅𝐻 Relative humidity  % 
𝑆𝐻𝑅 Sensible heat ratio – 
𝑇 Temperature °C 




𝑐𝑏 Conditioning bay 𝑖𝑛𝑡 Inside the tunnel 
𝑐𝑐 Cooling coil 𝑙𝑎𝑡 Latent 
𝑐𝑜𝑛𝑑 Condenser 𝑠𝑒𝑛𝑠 Sensible 
eff effective 𝑠𝑡 Steam 
𝑒𝑣𝑎𝑝 Evaporator 𝑠𝑢𝑟𝑟 Surroundings 
𝑒𝑥𝑡 Outside the tunnel 𝑤 Water 
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